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Frequency-Shift Estimate for an SNS Superconducting RF Cavity 

1. INTRODUCTION 

The superconducting RF (SKF) cavities that are to be used for the SNS project must have their 

resonance frequencies tuned to within a few Hertz of the 805-MHz operating frequency. The resonance 

frequencies of cavities alter due to such factors as ambient temperature change, helium pressure variation, 

Lorentz-i'orce detuning, and microphonics. This report addresses cavity-tune algorithms. The cavity-tune 

algorithms will be implemented using the Texas Instruments (TI) digital-signal processor (DSP) 

TMS320C6203B and the Experimental Physics and Industrial Control System (EPICS) interfaces. 

Computation of the tuning frequency will be achieved by the TMS320C6203B DSP and by a direct 

digital synthesis (DDS) technique using the AD9852 DDS by Analog Devices. 
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2. SRF CAVITY MODEL AND FREQUENCY-SHIFT MODEL 

An SRF cavity is given by the following state-space model: 

i= A , ( A ~ ) z - t R , u + R , I  

y =C,z, 

where 

- 2c3c 2 4  1. 

and 

with the following definitions of variables and parameters: 

Amn = pre-detuning frequency shift against beam loading [rads], 

Am, = frequency shift caused by Lorentz-force detuning [radls], 

AmMc,, = frequency shift due to Microphonics [rad/s], 

r=-- '!& - unloaded cavity-darnping time constant [SI, 
W" 

zJ. = = loaded cavity-damping time constant [SI, 
W, 

qis = synchronous phase, 

Qo = cavity resonator unloaded quality factor, 
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w, = cavity resonancc frequency [rad/s], 

R,,, = resistance of the equivalent circuit of the cavity transformed to RF generator [ SZ 1, 

R, =. transmission line characteristic impedance [ SZ 1. 

6 = transformation ratio, 

Vlr,VA? = forward I/Q voltage [VI, 

I , J ,  == beam current in I/Q [AI, and 

V,,V, -= cavity Field in [/Q [VI. 

Note that in the above model, Aw is the sum of the pre-detuning, Am, ; the Lorentz-force detuning, Am, ; and 

microphonics, Am,,, . The state-space model given by (2.1)-(2.2) can be written as 

(2.5) 

where 

The objective ofthis report is to design an observer such that the estimate A& yielded by the observer 
exponentially approaches the €requency shift Aw As mentioned in the previous section, when the Lorentz-force 
detuning model includes all mechanical mode dynamics, the observer structure may be complicated, which increases 
computational complexity. Instead of this complex higher-order model, the frequency shift is modeled as 

A h = O .  (2.8) 

This model (2.8) is widely used for disturbance that is constant or which vanes slowly. The augmented state-space 

model, with outputs y ,  , y ,  and inputs u , ,  u, is 
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y+ -Y2 
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3. NONLINEAR FIRST-ORDER DYNAMIC OBSERVER 

Consider the state equation for the cavity field quadrature (Q). 

The equation (3.1) is written as 

Consider the term 2c3gI, + 2c1gIQ on the right-hand side o i  (3.2). It follows that 

(3.3) 

where Vs is the desired cavity field amplitude, f L U  is the wall power dissipation, Ph is the beam power, V, is the 

design cavity voltage, and (bs is the synchronous phase. Since Q(, >> 1 and - = P for an SRF cavity, equation 

(3.3) reduces to 

P b  

Pa1 

2c3@, + 2c14, = 5 tan(@& >vf. (3.4) 
2QL 

Consider the pre-detuning frequency Am,. Since 

where t , ~  is the detuning angle due to the beam loading. Because the beam-loading factor ,8 >> 1 for an SRF cavity, 

tan@), is given by 

it follows from ( 3 . 5 )  and (3.6) that 

(3.6) 

(3.7) 
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Now consider (3.4) and (3.7). When the cavity operates on resonance with a generator and the cavity field is settled 
down to the neighborhood of Ihc desired values, then the imaginary part of the cavity field, y 2 ,  is close to zero, 

which yields Vf = , / y :  + y,” =: y ,  . Therefore, 

YiAwn sz 2c,$11 + ~ C I & ~ Q  

and (3.2) can be written as 

where Am = Am, + Am,,, . 

In summary, it follows from (2.4) and (3.8) that (3.2) has two forms depending on whether or not the cavity 
is loaded with beam. When beam is not loaded, (3.2) reduces to 

Am = Am, + Am, + AmMcpI 

When beam is loaded, (3.2) reduces lo 

(3.9) 

For the frequency-shift estimation, a disturbance observer is proposed as follows: 

Z O  2 ,  ( 71, 20 

I 2 
A h = - L y l A h + L  i ,+-z, --c,u, --c,u2 

(3.10) 

(3.1 1) 

It follows from (2.8) and (3.1 ‘I) that the observer-error dynamics are given by 

= I.ylAh- LY,AW 

= -Ly,e . (3.12) 

The observer gain, L , is determined so that the characteristic equation 

s + L y ,  = o  (3.13) 

has a desired root in the left-half plane of the complex domain. The observer-error dynamics (3.12) show that for a 
properly chosen gain, L , the estimate, h , asymptotically converges to Awn + AmL + AmMcp when beam is not 

loaded, and to Am, + AahdcP when beam is loaded. 

The observer (3.1 1) is difficult to implement in practical terms because the derivative term 2 2  is noisy and 

is hard to measure. Instead, the following new variable is introduced: 

k?,, = A h -  ~ ( ~ 2 1 ,  (3.14) 
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where p ( z z )  is a nonlinear function of z2 , to be determined as follows: 

The derivative of (3.14) with respect to time is 

When p ( z 2 )  is determined so that it satisfies 

then (3.15) reduces to 

and the Lorentz-force detuning estimate is given by 
A&=g,+p(z , ) .  

It is easily verified that the observer-error dynamics are given by 

(3.15) 

(3.16) 

(3.17) 

(3.18) 

(3.19) 

The estimate A& approaches the frequency shift Am if L is chosen such that (3.19) is asymptotically stable. One 
possible solution for L is 

1 

Y1 
L=--, 

where I is a positive constant. In this case, the observer-error dynamics become 

i + le = 0 ,  

(3.20) 

(3.21) 

and the convergence rate can be specified by the parameter I .  From (3.16), the corresponding ( z ,  ) becomes 

(3.22) 1 

Yl 
P b ,  1 = -z2 . 

The constant, c3 ,  is very small, such that by plugging (3.20) and (3.22) into (3.17) and (3.18), (3.17) and (3.18) are 

reduced to 

(3.23) 

(3.24) 2 
AC;)=~l ,+ l . .A .  

Yl 
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The discrete-time version of the frequency-shift observer is obtained from (3.23) and (3.24). Let t, be the sampling 

frequency. The discrete-lime frequency-shift observer is 

(3.25) 

Because (3.25) is a first-order differential equation, the following relationship is required to make the observer 
stable: 

-I 4 I - t,$l 5 I . 

That is, 
2 

15- 
t,, 

For example, for the 200-kHz sampling frequency, the gain, I ,  should be 

1 I 4x105. 
Let 

k,  == 1.- t,), 

then (3.25) becomes 

Di r: 

(3.27) 

(3.28) 

(3.29) 

(3.30) 

(3.31) 

(3.32) 

Note that when the input is zero, as is the case when the nonzero driving RF becomes zero (RF OFF period), then 
the frequency-shift observer becomes 

8/15/02 9 SNS 104010300-TD008-R00 
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In the steady slate where 

.i,,,ss = &(k + 1) = &,(k) > 

the frequency shift observer is represented by 

(3.33) 

(3.34) 

Example 1. Consider an SRF cavity that has an operating frequency of 805 MHz and a loaded Q factor of 

Q,, = 7.3 x lo5 . Assume that the transmission linc impedance is 50Q. The time constant, z,, , is 

TI' = 

gain, 1 , be 1 x lo5 ,  Then, k, =: 0.5, k, = 48267.8 , and k3 = -3459.9 

2 2QL - = 2.8865e - 4 and -cl = 691 9.9. Assume that the sampling frequency is 200 kHz. Let the 
2n. 805 x 10 2" 
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4. NONLINEAR ALGEBRAIC OBSERVER 

Consider the following SRF cavity model, (2.1)-(2.4), without beam loading: 
n 

Multiplying both sides of (4.1) with z2 , we obtain 
z i - - -zIz2 1 -Am: +-c,u,z, 2 - - C 3 ~ 2 ~ 2 .  2 

2 I -  
ZL Z O  z* 

Multiplying both sides of (4.2) with z1 , we obtain 

(4.3) 

(4.4) 

Subtracting both sides of(4.4) from (4.3), we obtain 

(4.5) 
2 2 2 2 

z Z i ,  - Z , Z ~  --Acll(z? +Z;)+,C,U,Z~ ----C~U,Z~ --c~u,z, - - c l U 2 Z l .  

4 Z* ZO z, 
Note that, for an SRF cavity, due to the large unloaded Q, e, = 0 .  Then, (4.5) is approximated to 

2 2 
z2i l  - z l i 2  = -Au(z: + z; )  +---c,u,z, --cIu2zI. 

20 Z" 

Hence, the frequency shift is calculated as 

(zzi, - Zli,) 2 U I Z Z  - uzz,  
2: +z;  z, 2; + z ;  

A@=- C-C,  

(4.6) 

(4.7) 

The first term of the right-hand side of (4.7) is the transient dynamics. Hence, in steady state, (4.7) is reduced to 

2 u,z2 - U z Z ,  

z, z: +z; 
Aw=--c, 

In the discrete-time system, the frequency shift is calculated from the discrete-time representation of (4.6). 

where t, is the sampling time and k is the sample number. 

Hence, 

(4.8) 

(4.10) 
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The frequency shift given by (4.10) has the predictive terms z1 (k  + 1) and z2 (k + 1) . However, when the frequency- 

shift calculation is a batch process as it is when we implement it in our DSP software and hardware electronics, the 
predictive terms do not yield computational difficulty. In steady state, since z, (k  + 1) = z ,  ( k )  , zz(k + 1) = z2 (k )  , 

(4.10) is reduced to 

(4.11) 

r: 

(4.12) 

Now consider long-term resonance control, that is, RF-pulse-based resonance control. A single-frequency 
estimate value for each RF pulse must be obtained because the RF driving frequency is updated once for each RF 
pulse, even though the frequency shift is estimated by (4.10) or (4.12) for one RF pulse period. We can use the last 
sample of an RF pulse, or we can take the average of N samples of frequency-shift estimates. Usually, the second 

method is recommended. Another problem is that (4.10) or (4.12) is dependent upon the cavity parameters, Z, , c1 . 

Of course, we can obtain thesc parameters with the open-loop system parameter-estimation algorithm. Or, we can 
discard dependence of (4.10) or (4.12) on the cavity parameters by introducing the lumped controller gain, which 
will be shown in the following. 

Let y1 be the RF pulse number and let Ai3(n)  be the average of N samples of nth RF pulse. Note that in 

order to discard the transients during one RF pulse, a starting point of averaging, N o ,  is specified. 

(4.13) 

which is not dependent upon the cavity parameters , Z, , c1 , 

To obtain the asymptotic convergence of Aa(n)  to zero as the RF pulse number increases, the update of 

the driving RF frequency is given by the following difference equations: 

Af(n + 1) = Af(n)  + KAD(n) 

f ' (n+I)=f(y1)+4f(n+l),  

where K is a gain. At the nth step, (4.13)-(4.14) can be written as 

811 5/02 12 
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R-I 

Af(nj= Af(O)+KxAD(Z) (4.16) 
i=O 

,,-I 

, f ( n )  = .f’(O)+ n A f ( O ) + K z ( n  -i)AD(i). (4.17) 
i.4 

Theoretically, the convergence rate of the above algorithm is dependent upon K . When K is chosen properly, 
A.(n) converges to zero within a few steps. However, when K is too small, the convergence is very slow. To 

improve the convergence rate, the following adaptive rule is proposed: 
1 

K ( n  + 1) = K ( n )  + E---IIA~(M)II,  
7 Xf i  

where E is a sinall positive constant and lXp is the period of RF pulse. Then, the driving frequency update 

equations are reduced to 

1 2 u (k)z,(k) -u,(k)z,(k) 
A a ( n ) = -  2 -c1-’ 

k=N, zo z; (It j + z; (k  j 

(4.18) 

(4.19) 

81 I 5/02 13 SNS 104010300-TD008-R00 
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5. SWEEP-MODE RESONANCE CONTROL 

The idea of the sweep-mode resonance control of an SRF cavity is based on the information in Figure 5.1. 

In Figure 5.1, a resonator’s magnitude and phase are plotted with respect to frequency. At resonance, the magnitude 

is at its peak and the phase changes its sign. Note that the phase plot has the same characteristics as the inverse 

tangent curve. Also, the equation (4.11) shows that the frequency shift is inversely proportional to the square of the 

cavity field amplitude. 

h E S  

Figure 5.1. Cavity Frequency Response Around the Resonance Frequency. The cavity resonance frequency is 

805 MHz. 

When the RF drive frequency is tuned to F, + Af(n) at the nth RF pulse, the modulated output at the 

(n+l)th RF pulse is 

VMoD ( k )  = 1, ( k )  cos(2@5 + AJ’(n))k) + QL (k)sin(2Wo + Af(n))k), 

where I ,  ( k )  and QL ( k )  are input in-phase (I) and Q at the kth sample. ’ (5.1) 

811 5/02 14 SNS 104010300-TD008-R00 
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This signal is amplified by a high-power amplifier, such as a klystron, and passes through the SRF cavity whose 
resonance frequency is Fa + A f ( n )  . When the amplification gain at the high-power amplifier is assumed to be 1 ,  

and it is assumed that there is no loss in the transmission line and the cavity, the demodulated signals (with the 
frequency Fo ) of the SRF cavity output are given by 

I,,MclDa(k) = 2VbIIOD cos(2rcl',k) = 2(1, (k)cos(2n(lli + Af(n))k)+ Q,  (k)sin(2n(Fo + Af(n))k))cos(2WOk) 

= I ,  (k)(cos(2~(21+; + Af(n))k)+ cos(%nAf(n)k))+ Q,, (k)(sin(2n(2Fo + Af(n))k)+ sin(2nAf(n)k)) (5.2) 
and 

QDnMoDo(k) = 2VhfOD sin(2nF;,k) = 2(ZL(k)cos(2n(1lb + Aff(n))k)+ Q,(k)sin(2n(F0 + Af(n))k))sin(2fl0k) 

= II,(k)(sin(2n(21$ + Af(n))k)-  sin(2nAf(n)k))+ QL (k)(- c0s(2n(2Fo + Af(n))k) + cos(2@f(n)k)), (5.3) 

where k is a sample number. The signals (5.2) and (5.3) are filtered, and the final demodulated I and Q signals are 
obtai 11 ed. 

z1 (IC) = IDI!MOl)(k) = l,(k)cos(2nAf(n)k)+ Q,,(k)sin(Wf(nP) 

zZ(k) = Q,Linm(k) = --/,(k)sin(2N(n)k)+ C?t(k)cos(2W'(n)k) 

(5.4) 
and 

(5.5) 

(5.4) and (5.5) can be written by 

(5.6) 
cos(2nAf(n)k) sin(2Affn)k) I L  ( k )  

2 2  (k) Dnb,o%) (k) - s in(2Mn)k)  cos(2@f(n)k) I 1, [ ",p'] = [F'"'l= [ 
It can be easily verified that the amplitude of the demodulated signals is the same as that of the input 

I and Q. 

(2, ( k ) )  + (z, (k)Y -= ( Imwm (k))+ (Qm,uoD (k))2 = (1,. (k)Y + (QL (k)Y . (5.7) 

However, the phase is 2nAf(n)k, which varies during an W pulse. For instance, the total samples during an RF 

pulse of 1.3 msec duration is N,y = 1.3e - 3 + 20e6 = 26000, where the sampling frequency is 20 MHz. Hence, the 

phase rotation number is A f ( n ) .  1.3e - 3 , and when Af(n) is 20 WIz, the phase rotation is 26. This means that 

during one RF pulse, the phasor rotates a circle of radius one 26 times. As a consequence, the phase-related 
information on the direct change of the frequency sweep is not appropriate when Af(n) is large. 

Instead, the information related to the magnitude response, as shown in Figure 5. I ,  is dealt with differently. 
The direction of the frequency sweep is changed when the derivative (in continuous-time domain)/the difference (in 
discrete-time domain) of the magnitude (and hence the square of the magnitude), with respect to frequency, changes 
its sign, as illustrated in Figure 5.2. Because it is difficult to implement the square-root hardware and to implement 
the square root in the fixed-point architecture DSP, the square of the magnitude is used. Let 

As(n) = (TI (n)>2.+ (T2(n))2, where 2, (n)  and T2 (n)  are the averages of N samples of z,  ( k )  and z2 ( k )  

k = 0,1,2;..,N, N I N , T ,  respectively. In order to discard the transients during one RF pulse, a starting point of 

averaging, N o ,  is specified. 

811 5/02 15 SNS 10401 0300-TD008-ROO 
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An adaptive sweep-mode resonance controller is proposed where the frequency sweep amount is controlled 
by the adaptive gain, The generic adaptive sweep-mode resonance-controller algorithm is given by 

Gain equation: (5.10) 

Frequency Update : 4f’(n) = (n> ,  (5.11) 

where g(.) is a continuous function and A, (n )  is the parameter related to the resolution of the frequency update, 

calculated at the nth RF pulse. 
The gain-adaptation stop criterion can be introduced so that the adaptive gain (5.10) converges to a steady- 

state value. The simple rulc can be found in Figure 5.1 or Figure 5.2. Around the resonance frequency, there is only 
a small change of magnitude. Within the 3-dB bandwidth of the cavity, there is a change of magnitude of 30%. 
Hence, a proper criterion is determined. A stop criterion for the gain adaptation can be expressed as 

IAS(n) - h ( n  - 1)1 5 E , ,  (5.12) 

where is a design parameter, and the corresponding gain equation becomes 

d ( n  + 1) = &n) . 

Another criterion is that 

As(n) 
As(n - I )  58-2, 

(5.13) 

(5.14) 

where E, is a design parameter. However, when (5.14) is used for the stop criterion, implementation is difficult 

because it is in the fixed-point DSP. 
To avoid chattering around the resonance frequency, the parameter, Ar , is designed so that it changes its 

size as the number of !.he sign change of  AS(^) -” As(n - 1) increases. We introduce a sign-change counter and 

assume that the sign-change counter has the number c, (n)  . Then, the parameter, A, , is updated as 

c,(0) = 0 (5.15) 

Note that when the frequency shift is large, that is, when As@) is very small, the proposed sweep-mode 

resonance control may have coniputational instability. In this case, rather than adapting the gain, a fixed gain is 
applied until As@) reaches suCficiently large value. This means that, in general, the proposed sweep-mode 

resonance control seems to work well when the frequency shift is within a few times of the 3-dB bandwidth of an 
SRF cavity. 

When the frequency shift is so small that the phase rotation, Aj’(n).TR,, , is less than I, an adaptive sweep- 

mode resonance controller, given below, can be used where the direction of the frequency sweep is changed 
according to the sign change of the cavity field phase. 

8/15/02 17 SNS 10401 0300-TD008-ROO 
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Gain equation: “ 1  21” (n )  + z;(n) 
&?+I) =&?)+szgn(F,(n)F,(n)).g - (5.16) 

Frequency update : Aj‘(n) = &n)A,(n) (5.17) 

To reflect the phase change at the resonance frequency, the sign function of the product, TI (n)Z2 (n)  , of the 1 and 

Q of the cavity field is used 

Considering the tangent curve and noting that 

(5.18) 

(5.19) 

@(JAV(n) changes ils sign when 5, ( n )  and Zz(n) have a different sign; that is, when T,  (n)T,(n) changes its sign. 

When the sign of the phase changes at the resonance frequency, the gain adaptation changes its direction (from 
negative to positive, or from positive to negative), and the corresponding frequency update also changes its 

direction. 

A MATLAB/SIMUI,INK model was constructed to investigate adaptive sweep-mode resonance control. 

Figures 5.3-5.6 show the simulation results. 

811 5/02 18 SNS 104010300-TD008-R00 
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Figure 5.4. Inverse of the Square of Cavity Field Amplitude, h ( n )  

811 5/02 20 SNS 10401 0300-TD008-ROO 
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Figure 5.5. The Difference, h ( n )  - As(n - 1) (top), and Sign Function (bottom) of the Cavity Field Amplitude 

Ths is used to check the sign change of the amplitude's denvativeldifference 
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Figure 5.6. The Adaptive Gain Trajectory (top) and the Frequency-Shift Estimate Trajectory (bottom) 
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6, DIGITAL SIGNAL SYNTHESIS 

DDS is used to generate a frequency- and phase-tunable output signal referenced to a fixed-frequency clock 
source by using digital data-processing blocks. In essence, the DDS architecture uses a scaling factor set forth in a 
programmable binary tuning word to divide down the reference clock frequency. 

The output frequency of a DDS is determined by 

F =E. REFCLK , 
out 2* 

where 
M =the binaiy tuning word, 
REFCLK .= the internal reference clock frequency, and 
N = !he length, in bits, of the frequency accumulator 

The length, N, determines the resolution of the DDS. 
Another function of the DDS i s  the phase-adjustrnent of the output signal. The amount of the adjustment is 
determined by the length of the phase-adjustment register bit. The amount of the phase-adjustment is given by 

where 
Mp =the binary phase-adjustment register value, and 
N,, = the length, in bits, of the phase-adjustment register. 

When a 180 phase-adjustment is necessary, then M ,  is 

M ,  =2Np-1, 

The AD9852 digital synthesizer generates a highly stable frequency-phase-amplitude-programmable sine 
wave output. It has dual frequency accumulators and phase-adjustment registers. The length of the frequency 
accumulator is 48 bits and the phase-adjustment register, 14 bits. The maximum reference clock frequency is 
300 MHz. Hence, the finest resolution of the output frequency is 

= I  pec.  300MHz 
2 48 

The resolution of the phase-adjustment is -- 3600 - 0.022" 
214 

When a 180" phase-adjustment is necessary, then M ,  is 

8/15/02 23 SNS 10401 0300-TD008-ROO 
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M ,  = 213. 

Sometimes, the microHertz-level resolution is not necessary; for example, when the necessary frequency resolution 

is about I Hz. Then, the least-significant 20 bits of the frequency accumulator are filled with zeros and the rest of the 

bits are filled with the binary tuning word. In this case, the frequency resolution for a 300-MHz reference clock 

frequency is 

300MHz=l.l176Hz, 2 2o __.  
248 

and the maximum output frequency that can be obtained is 

2’* =268 MHz. 

With this setup, to generate 30 kHz, the binary tuning word, M, is 

26843 (68DB,)x 2”, 

and the frequency accumulator is shown in Figure 6. I.  

............................. ............ ......................... Bit No : 47 32 31 0 

0 0 0 .................. 7 1 6 8 D E  

(6.7) 

3 0 0 0 ........... 1 7 1  

Figure 6.1 DDS AD9852 Frequency Accumulator 

6.1 Coupling Between the DDS and the DSP 

Consider the DSP that will be used. The TMS320C6203B 32-bit DSP is used for the SNS frequency- 

control system. As addressed in the previous section, DDS resolution is assumed to be 1.1 176 Hz. 

There are four inputs to the frequency-control softtvare module: V,, , V,, , V,, , VTe . The arrays of these 

are stored in the external RAM of the DSP TMS320C6203B in 16-bit Q15-format, and are retrieved through direct 

memory access (DMA). Hence, the error e(n) calculated from these data, VFI , VFe , VTI , and the corresponding 

frequency, A f ( n ) ,  can be either 16-bit Q15-format or 32-bit integer format. Considering the compatibility between 

the structure of the DDS frequency accumulator and the data structure of the DSP, e(n) and Af(n)  at+\ in 32-bit 

integer format. DSP data 0x00000001 represents 1.1176 Hz. 
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There are two 32-bit registers in the complex programmable logic device (CPLD). The first 32-bit register 

(DDS-FKEQ-.TTUNE-LOW) is for the lower 32 bits of the frequency accumulator of the DDS. The second 32-bit 

register (DDS--FREQ-TUNE-HIGH) is for the other 16 bits of the frequency accumulator. Both registers are 

defined as unsigned integer formats. Two steps are required to load the 32-bit frequency data, A . ( n ) ,  to the 48-bit 

frequency accumulator of the DDS. The first step is to shift the 32-bit integer data, Af(n)  , 2 0  bits to the left. That 

shifed data is then loaded to the CPLD register DDS-FREQ-TW-LOW. The high 20 bits of the 32-bit integer 

data, A f ( n ) ,  need to be loaded to the CPLD register DDSFREQ-TUNE-HIGH; therefore, in the second step, the 

32-bit integer data, A , (  n )  , is shifted I2 bits to the right, and the shifted data is loaded to 

DDS-FREQ-TUNE-E-IIGH. 'These loading schemes are summarized in Figure 6.2. As a result, the output frequency 

range is [I .  1176 FZZ 300 MHZ 1. 
The 32-bit integer data, Af(n), is the driving RF frequency update value. In the hardware, Af(n) is 

added to 50 MHz. The local oscillator GO) frequency of the I/Q inodulator is Ado. Because DSP data 0x00000001 

represents 1.1176 Hz, 50 MHz is represented by Ox02AAASA6 (44738726 in decimal). Hence, the LO frequency is 

A f ( n )  +Ox02AAA8A6, which is the output of the DDS. 
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DSP 32 bit Integer Format 
f(n) 

Bit& : 4, ........... 32 31 ............ 20 19 ....................... 0, 

...... bO b31 b20 b19 ... b12 b l l  .......... 

DDS 
Frequency 

t * - t  t -  t 
CPLD 
DDS-FJXEQ-TUNE-HIGH 
Register 

(Shift right 
12 bits) 
&OxOOOFFFFF 

CPLD 
DDS-FREQ-TUNE-LOW 
Register 

........... 

. . . . . . . . . . .  t t . . . t t . . t . . . t  t 
(Shift left 
20 bits) 

Figure 6.2. DDS AD9852 Frequency Accumulator Frequency Tuning Word Loading Scheme 
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For example, when the driving RF frequency update, Af( f i ) ,  is 30 kHz, the corresponding DSP 32-bit 

integer-format data is Ox000068DB (26843 in decimal). Hence, the DSP data, including 50 MHz, is 

OxO2AE31181(44765569 in decimal), as shown in Figure 6.3. 

DDS 
Frequency 

CPLD 
DDS-FREQ-TUNE_HIGH 
Register 

CPLD 
DDS-FREQ-TUNE-LOW 
Register 

(Shift right 
12 bits) 

(Shift left 
20 bits) 

Figure 6.3. DDS AD9852 Frequency Accumulator Frequency Tuning Word 
Loading Example. The output frequency of the DDS is 20 Mlz + 50 MHz, 
which is represented by Ox02AB1181 (44765569 in decimal). 
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7. DMA 

In  the frequency-control algorithm, there should be burst data transfer between the 

external memory interface (EMIF) asynchronous burst SRAM, the DSP internal data RAM, the 

VXI interface dual-port RAM, and the cavity-field dual-port RAM. Because the data stored 

during the KF pulse ON is massive due to the 20-MHz sampling frequency for each analog signal 

channel, huge data-memory spaces are necessary. For the 1.1 msec RF ON period in the normal- 

conducting cavity, we need to sample the cavity-field error and forward signal. 

The cavity-field signal and the forward signal of the current RF pulse period are stored in 

the cavity dual-port RAM and the forward-signal dual-port RAM, respectively. These data need 

to be transferred to thc DSP’s internal data RAM because the field- and resonance-control module 

(FRCM) for SNS has two TMS320C6203 DSPs, one for field control and the other for resonance 

control (frequency control). Both share the same address bus and data bus; therefore, there may 

be conflicts when both DSPs have access to the data bus because data that is requested by one 

DSP may be retrieved to the other DSP. 1-Ience, the cavity signal and the forward signal in dual- 

port RAM must be transferred to the internal RAM via DMA. 

For diagnostic purposes, the data stored in the history buffer (FIFO) needs to be 

transferred to the 16-bit little endian VXI dual-port RAM. Full-size data is not needed for 

diagnosis (in the case of the 20-MHz and 1. I -msec RF ON period, 22000 samples of each signal 

will suffice). Instead, decimated data is to be transferred to the VXI dual-port RAM. This 

decimation and massive data transfer requires DMA. 
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8. MEMORY MAPS 

The TI DSP TMS320C6203B has a 512-ltbyte internal data RAM and supports four 

EMIFs, CEO, CEI, CE2, and CE3. SNS will use the external memory maps shown in the 

following tables. Table 8.1 shows the memory map for DSP A (field control) and Table 8.2 

shows the memory map for DSP B (resonance control). 

Table 8.1. DSP A, Field-Control DSP 

CEO 
32-bit little 
endian 

CE 1 

32-bit little 
endian 

CE2 
16-bit little 
endian 

CE3 
32-bit little 
endian 

Address Range 

0~00400000-0~005F FFFF 

0~00600000-Ox007FFFFF 
0x008000~0-Ox0 I3FFFFF 

Ox01 400000-Ox01 5FFFFF 

0~02010000-0~0204FFFF 

0x02050000-0x023FFFFF 
0x02040000-0x02FFFF~ 

1 

0~03050000-0~0308FFFF 256K NIOS Dual-Port RAM 
0~03090000-Ox030AFFFF 128K Cavity Error PLD Dual-Port RAM 

II 
0~030B0000-0~030CFFFF I 128K 1 Beam PLD Dual-Port RAM 
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Table 8.2. IISP B, Resonance-Control USP 

Cavity 

Address Range 

0~00400000- OXOOSF FFFF 
0~00600000-Ox007FFFFF 

OXO~~OOOOO-OXO~~FFFFF 

0x0201 0000-0~0204FFFF 

0~02050000-Ox023FFFFF 

0~02040000-Ox02FFFPFF 

0~03090000-Ox030AFFFF 

0~03080000-~0~030CFFFF 128K I Forward PLD Dual-Port RAM I 
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9. TMS320C6203B DMA STRUCTURE 

The TMS320C6203B DSP has four independent DMA channels (shown in Figure 9.1), 

and each channel has its own burst FIFO. These are able to co-exist without loss of throughput 

(1.5 V devices). 

\ 
EMIF read 

Expansion Bus re, 

Data Memory rea 

Program Memory read 4 

'"-"I I \  
EMIF write 

Expansion Bus write 

Data Memory write 

Program Memory write 

Peripheral Bus write 

Host Read 

Peripheral Bus read 4 I -v Host write 

Figure 9.1. DMA Controller Data Bus Block Diagram for 1.5 V Device 

Each channel has a dedicated 9-deep FIFO to facilitate bursting to high-speed memories. 

Each channel has its own FIFO, which reduces the arbitration required for switching between 

high-speed bursting channels. The individual operation by any channel is unchanged by any other 

channel. The benefit of multiple FIFOs comes into play only when switching channels. 
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10. DMA STRATEGY 

10.1 DMA #1: DMA for Cavity Field 

The cavity-field data of the RF pulse period, which is stored in the cavity-field dual-port 

RAM, must be transferred into the field-control DSP’s internal data memory to update the current 

feedforwarcl-control output corresponding to the current Pulse ID. The source of the DMA is the 

dual-port RAM, and the destination is the internal data memory. Figure 10.1 shows the structure 

of the 1 and Q error data stored in the dual-port RAM. The following is the simplest way to 

achieve DMA: 

Primary Control Register 

1) CP‘LJ interrupt after block move completion 
2) No read synchronization 

3) No write synchronization 

4) Element Size: 32 bit 

5 )  Source Direction: increment of address by element size (4 bytes) 

6) Destination Direction: increment of address by element size (4 bytes) 
7) Source Address: 0x03090000 

8) Destination Address: DMh-no--l-desBuffer, which is the buffer (array) assigned in the 
internal data ineinory 

Transfer Counter Register 

9) Framesize: 0 

10) Element Count: RF ON period (sec)*Sampling Frequency (Hz). Default value: 22000 

I Q Data I I Data I 
MSB LSB 

Figure 10.1. Cavity-field Dual-Port RAM Data Structure 

When the computation of the feedforward-control output has been updated, the 

transferred data should be decomposed into two Q1 5-format I error and Q error data. 

Figure 10.2 shows the simulation result of composing transmitted I and Q signals into a 
single 32-bit integer. 
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F i w e  10.2. A module, IQCompose(short Idata, short Qdata), is developed to compose one signed integer data from two signed short data. This figure shows the 

simulation result, with the TMS320C6201EVM, of composing a transmitted I signal (It) and a transmitted Q signal (Qt) into a 32-bit integer. 
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Q Data 

10.2 DMA #2: DMA for Forward Signal 

I Data 

The forward-signal data of the fW pulse period, which is stored in the fonvard-signal 

dual-port RAM, must be transferred into the resonance-control DSP’s internal data memory to 

update the resonance frequency control. The source of the DMA is the dual-port RAM, and the 

destination is the internal data memory. Figure 10.3 shows the structure of the I and Q error data 

stored in the dual-port RAM. The following is the simplest way to achieve DMA: 

Primary Control Register 

1 1) CPLJ interrupt after block move completion 

12) No read synchronization 

13) No write synchronization 

14) Element Size: 32 bit 

IS) Source Direction: increment of address by element size (4 bytes) 

16) Destination Direction: increment of address by element size (4 bytes) 

17) Source Address: 0x030130000 

18) Destination Address: DMA-no-1-desBuffer, which is the buffer (array) assigned in the 

internal data memory 

Transfer Counter Register 

19) Frame size: 0 

20) Element Count: RF ON period (sec)*Sainpling Frequency (Hz). Default value: 22000 

Figure 10.3. Cavity-Error Dual-Port RAM Data Structure 

Figure 10.4 shows the simulation result of composing forward I and Q signals into a 

single 32-bit integer. 

811 5/02 34 SNS 1040 10300-TD008-R00 



Frequency-Shift Estimate for an SNS Superconducting RF Cavity 

Figure 10.4. A module, IQComnpose(short Idata, short Qdata), is developed to compose one signed integer data froin two signed short data. This figure shows the 

simulation result, with the TMS320C6201EVM, of composing a forward I signal (If) and a forward Q signal (Qf) into a 32-bit integer. 
,/ 
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DSP Internal 
Data Memory 

10.3 DMA #3: IIMA for Cavity-field 1 History Buffer (FIFO) 

VXI Dual-  kc,.^,' Port RAM 

The field data for cavity 1 is stored as FIFO 32-k RAM during the RF ON period. For 

diagnosis, this data is transferred to EPICS through VXI. The data is transferred to the VXI dual- 

port RAM, and is then retrieved by the host (EPICS). In general, whole data samples are not 

necessary, and a data decimation is given by the host. The DSP reads the decimation number, 

which is transferred from the host to a VXI register in the CPLD. This decimation number is used 

for setting the DMA. The € I F 0  is a 32-bit little endian and the VXI dual-port RAM is a 16-bit 

little endian; this determines the element size of the DMA. Because it is impossible to reflect the 

decimation with FIFO RAM, the data in FIFO is first transferred to the temporary memory space 

in the DSP's internal data memory and then the DMA is set to reflect the decimation, which is 

programmed with Global Index Register A or B. Figure 10.5 illustrates this process, 

Figure 10.5. History Buffer Data DMA Scheme (Cavity field of Cavity 1) 

The DMA #3-a has the following parameter setup 

Primary Control Register 

1) CPU interrupt after block move completion 
2) No read synchronization 

3) No write synchronization 

4) Element size :32 bit 

5) Source Direclion: no modification 

6) Destination Direction: increment of address by element size (4 bytes) 

7) Source Address: 0x0300000C, which is given in CPLD cavity controlhtatus register 
memory maps 
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116 
16 
- 

I80 

Q80 - 

8) Destination Address: DMA_no3_desBuffer, which is the buffer (array) assigned in the 

internal data memory 

Transfer Counter Register 

9) Frame size: 0 

10) Element Count: RF on period (sec)*Sanipling Frequency (Hz). Default value:22000 

DMA #3-b needs special care. Figure 10.6 shows an example where 84 32-bit data (I(Q15) 

and Q(Q15)) are in the DSP's internal data memory, and the decimation number is 4 in words. 

The following conditions are in effect in this example: 

a) the element size is to be 16 bits (ESIZE=Olb in primary control register), 

b) the frame count is 21 (=84/4), 

c) the element count in each frame is 2, 

d) the frame index, representing the address adjustment in bytes between the start 
address of the last element of one frame and the start address of the next 

adjacent frame, is 14(=decimation number*4-2) bytes, and 

e) the element index representing the address adjustment in bytes between two 

adjacent elements in a frame (i,e., the address difference in bytes between two 

start addresses of two adjacent elements in a frame) is 2 bytes. 

DSP Internal 
Data Memory 
Port RAM 

32-bit little endian 

VXI Dual- 
Port RAM 

I12 1 12 

Figure 10.6. Example of DMA Between the DPS Internal Data Memory and the VXI Dual-Port RAM. 
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DSP Internal 
Data Memory DM -b’ 

The above example is generalized for the arbitrary number of data in words and the 

decimation number in words, which results in the following parameter setup (DMA#3-b): 

VXI Dual- 
PortRAM 

Primury Control Register 

1) CPU interrupt after block move completion 
2) No read synchronization 

3) No write synchronization 

4) Element Size: Olb (16 bit) 

5 )  Source Direction: 11 b, which represents the address modification is programmed by 
using Global lndex Register 

6) Destination Direction: Olb (increment of address by element size [2 bytes]) 

11) Source Address: DMA-no_?i-desBuffer, which is the buffer (array) assigned in the 

internal data niemory 

7) Destination Address: OXO~O~OOOO, which is in CEl of the DSP B memory maps. 

8) Primary Control Register INDEX bit: Ob, representing Global Index Register A 

Transfer Counter Register 

9) Frame size: (Data number in words)/(Decimation number in words) 

IO) Element Count: IOb (2) 

Global lndex Register A 

1 1 )  Frame Index in bytes: (Decimation number in words)x 4-2 

12) Element Index in bytes: 2 

10.4 DMA #4: DMA for Cavity-field 2 History Buffer (FIFO) 

‘The same DMA scheme is used, except for the source addresses and the destination 

addresses (as shown in Figure 10.7). 

Figure 10.7. Histoly Buf‘fer Data I>MA Scheme (Cavity Field of Cavity 2) 
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DMR #4-a has the following parameter setup: 

Primary Control Register 

1 ) CPU interrupt after block move completion 

2) No read synchronization 

3 )  No write synchronization 

4) Element Size: 32 bit 

5 )  Source Direction: increment of address by element size (4 bytes) 

6) Destination Direction: increment of address by element size (4 bytes) 

7)  Source Address: 0x03000010, which is given in CPLD cavity control/status register 

memory maps 

8) Destination Address: DMA-no-4-desBuffer7 which is the buffer (array) assigned in the 

internal data memory 

Transfer Counter Register 

9) Frame size: 0 

10) Element Count: RF ON period (sec)*Sampling Frequency (Hz). Default value: 22000 

DMA#4-b has the following parameter setup: 

Primary Control Register 

1) CPU interrupt after block move complelion 
2) No read synchronization 

3) No write synchronization 

4) Element Size: Olb (16 bit) 

5) Source Direction: 1 1 b, which represents the address modification is programmed by 

using Global Index Register 

6) Destination Direction: 0 1 b (increment of address by element size [2 bytes]) 

7) Source Address: DMA-no-4_-dcsBuffer, which is the buffer (array) assigned in the 

internal data memory 

8) Destination Address: 0x02030000, which is in CE1 of the DSP B memory maps. 

9) Primary Control Register INIIEX bit : Ob, representing Global Index Register A 

10) Transfer Counter Register 

11)  Frame size: (Data number in words)/(Decimation number in word) 

12) Element Count: lob (2) 

13) Global Index Regkter A 
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14) Frame Index in bytes: (Decimation number in words) x 4-2 

15) Element Index in bytes: 2 

10.5 DMA #5: DMA for Set-Point-Profile Load 

When the single beam-current profile is considered, the set-point profile can be 

calculated at the initialization module or during the RF pulse OFF period. However, when eight 

beam-current profiles are considered, memory space availability becomes an issue. The current 

hardware design shows that the asynchronous SRAM space in CEO is enough for both the 

feedforward-control-output table and the set-point-profile table. The same rule is applied to the 

calculation of the memory assignment for the set-point-profile table as for the feedforward- 

control-output table. For the 1.1 -msec RF pulse ON period and the 20-MHz sampling frequency, 

88 kbytes are necessary to store I and Q set-point profiles for one beam-current profile. Hence, 

for eight beam-current profiles, 704 kbytes of memory space is necessary. The second 1 Mbyte of 

the 2-Mbyte asynchronous SRAM is assigned to store the set-point-profile table, as shown in 

Table 10.1. 

Table 10.1, Set-Point-Profile Table Memory Allocation 

The set-point profiles for eight beam-current profiles are computed at the initialization 

module and are stored in asynchronous SRAM. The data structure of each address is shown in 

Figure 10.8. 
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I Q Data I I Data I 
MSB LSB 

lrigure 10.8, Set-Point-Profile Asynchronous SRAM Data Structure 

To compute the set-point profile, we need to know the beam-current amplitude and the beam 

ON period. This data comes from EPICS. Other information, such as the cavity-filling time and 

the premargin are fixed. For a normal-conducting cavity, the filling time is 100 ysec and the 

premargin is 20 ysec. For an SRF cavity, the filling time is 300 psec and the premargin is 20 

psec. Figure 10.9 shows the timing diagram of the set-point profile, the beam current, and the RF 

gate for an SRF cavity. 

Filling Time : - 
280 
USBC 

Set Point Profile- , 
- I  

It-----------: 
TRF (Pulse ID) msec 

Figure 10.9. Timing Diagram of the Set-Point Profile, the Beam Current, and the RF 
Gate. One candidate for the set-point turn-on is ramp, and the other is 
sinusoidal during the filling time. The beam-pulse period and the RF gate 
period are functions of Pulse ID. Also, set-point amplitude, ASP, beam-current 
amplitude, and ABEAM, are functions of Pulse ID. 
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To compute the set-point profile with the DSP, the timing diagram of the set-point 

profile, shown in Figure 10.9, should be converted to the discrete-time domain. Note that the 

sampling frequency is 20 MHz. Figure 10.10 shows the result for the set-point profile with ramp. 

The magnitude ASP(ABIIAM(PuIse ID) is represented in Q15 format. The sample numbers NF, N ~ M ,  

and NBEAM(Pu1se ID) correspond to 280 psec, 20 psec, and TBEAM(Pu1se ID), respectively. 

NF = 280e-6 x 20e6 = 5600 (samples) 

AIpkf = 20e-6 x 20e6 = 400 (samples) 

N,,, (PulseZL)) = TBEAA4 (PuZseZD) x 20e6 (samples). 

Also, the slope of the ramp is 

ASP (AB,CAhf slope = ___ 
N ,  

Based on the above equations, the set-point profile corresponding to Pulse ID is calculated and 

stored in asynchronous SRAM. 

k-. 
Profile 

280 20psec TBEAM (Pulse ID) 
usec 

Figure 10.10. Timing Diagram of the Set-Point Profile in Discrete-Time Domain 

When the prcpulse arrives, along with the Pulse ID, the corresponding set-point profile is 

transferred, via DMA, to a 32-k RAM set-point FIFO. The following are the important DMA 
parameters: 
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Primary Control Register 

1) CPIJ interrupt after block move completion 
2) No read synchronization 

3) No write synchronization 

4) Ellenrent Size: 32 bit 

5) Source Direction: increment of address by element size (4 bytes) 
6) Destination Direction: no modification 

7) Source Address: 0x00500000+(Next Pulse ID)*0x00020000, 
Next Pulse ID=0,1,2,3,4,5,6,7 

8) Destination Address: Ox03000014 

Tronsfer Counter Register 

9) Frame size: 0 
IO) Element Count: RF ON period (sec)*Sampling Frequency (Hz). Default value: 22000 
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DMA 

DMA 

DMA 

DMA 

11. GROUPING OF DMAS TO IMPROVE THROUGHPUT 

1 L 
Y 

BMMI 

DMA#2 
A L IA d i  

A b4 L r 

1 7 *4 L 

T r ' DMA#6 ' i 

DMA#3-a DMA#3-b 

DMAM-a DMA#4-b 

Thus far, several DMA schemes have been addressed. To improve the throughput, the 

DMAs are grouped appropriately. Figure 1 1. I shows the grouping. Table 1 1.1 summarizes the 

various DMA schemes. 

RF Prepulse RF 

p-l I I I 
FrequencylResonance Update 

IA LI 
Control Computation i Load Frequency 

CPU j 

Figure 11.1. DMA Grouping to Inrprovc Performance 
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ox00000080 

Table 11.1. DMA Summary 

I 
oxoooo ---- 0x030B0000 DMA-no-2-desBuffer 

:avity j Field 

Transfer Counter Source Address 
Register 

0x0000 0x03090000 

(Cavity-Field Dual-Port RAM) 

I: 

Forward S i l  

Destination Address 

DAW4-no-I-desBuEer 

(Internal Data Memory) 

Primary Control 
Register 

0x00000080 oxoooo ---- 

)x00000080 0x0000 ---- 

0x03000050 

(Forward-Signal Dual-Port RAM) (Internal Data Memory) 

0x0300000C DMA-no-3a-desBuffer 

(32 k Cav 1 HB FIFO) (Internal Data Memory) 

0x03000010 DMA-no-4a-desRuffer 

0x03000050 

3-a 

History Buffer 
1 
4-a 

2 0x03000040 

3 0x03000040 

Secondary Control 
Register 

0x00000080 

History Buffer 
2 
3-b 

4-b 

5 

Set Point 

(32k Cav 2 €333 FIFO) (Internal Data Memory) 

2 0x03000170 0x00000080 OxOOC8 0002 DMA-no-3a-desBuffer 0x02010000 

(Internal Data Memory) 

(Internal Data Memory) 

(VXI Dual-Port RAM) 

(VXI Dual-Port RAM) 

3 0x03000170 0x00000080 oxooc8ooo2 DMA-no-4a-desBuffer Ox02030000 

5 0x03000010 Ox00000080 0x0000 ---- 0x00500000+(Pulse ID)xo%et 0x03000014 

(Async. SRAM) (32k Set-Point FIFO) 

Global Index 
Register 

0x00000000 

0x00000000 

0x00000000 

0x00000000 

OXYYYY 0002 

oxzzzz 0002 

0x00000000 
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